We discuss cosmological implications of antisymmetric tensor field when it experiences a kind of "Higgs mechanism" including nonlocal interaction terms on D-branes. Even when a huge magnetic condensation inducing anisotropy was assumed in the early universe, the expansion of the universe leads to the isotropic B-matter dominated universe.
Introduction
If we are interested in the very early universe near or slightly below the Planck scale, the cosmological model driven by string theory should be taken into account. The first signal of string cosmology is given by dilaton gravity instead of Einstein gravity [1] . In the string theory, another indispensible bosonic degree is antisymmetric tensor field of rank two [2, 3] . When the ten dimensional bulk is compactified to (1+3) dimensional spacetime, the cosmological effect of the massless antisymmetric tensor field has been taken into account. Homogeneous but anisotropic Bianchi-type universe is supported due to the antisymmetric tensor field [4] . Once the anisotropy is generated, its effect can usually survive in the present universe despite the sufficient expansion of the universe. The observed data of cosmic microwave background radiation (CMBR) threatens viability of this string-driven cosmological model with the antisymmetric tensor field.
Development of the D-branes and related topics for the last ten years opened another possibility in cosmology that our universe may be identified with a D3-brane, or a part of higher-dimensional D-branes in the nine-dimensional spatial bulk. A clear distinction between the string cosmology [5] in the bulk without D-brane and that on the D-brane appears through the mass generation of the antisymmetric tensor field on the D-brane [6] . In the context of Einstein gravity, the cosmological effect of this massive antisymmetric field was studied in detail [7] . Specifically, the anisotropy induced by condensation of the antisymmetric tensor field is diluted during the expansion of the universe. If the expansion is sufficient, the resultant present universe becomes isotropic and is free from the constraint of CMBR.
In this paper, we will investigate the effect of the massive interacting antisymmetric tensor field. In section 2, we introduce the model of our interest, including graviton, dilaton, and antisymmetric tensor field in both string frame and Einstein frame. In section 3, we consider only single magnetic component of homogeneous antisymmetric tensor field and study its oscillation without damping in flat spacetime. In section 4, we consider another flat system of the antisymmetric tensor field with the dilaton. For the case of negative cosmological constant, the stabilization of the dilaton is achieved for some initial values. In section 5, the cosmological evolution of the antisymmetric tensor field is studied without and with D3-brane. In the case of D-brane universe, solutions of the isotropic B-matter dominated universe are obtained. We conclude in section 6 with the summary and discussion.
String Effective Theory in D3-brane Universe
When a ten-dimensional string theory is compactified to a four-dimensional theory, the spectrum of particles depends on a specific pattern of the compactification, and the presence of (D-)branes also generates various models including the model which resembles the standard model. In order to understand the cosmological evolution, we take into account closed strings containing the graviton. The universal nature of cosmology based on the four-dimensional effective field theory requires bosonic particles at the lowest energy level, produced irrespective of the compactification pattern. Then, we mainly examine the cosmological effect due to the presence of D3-brane of which the world-volume is identified with our spacetime.
Bosonic degrees from the closed strings of string theory include gravitong µν , dilaton Φ, and antisymmetric tensor field B µν . On the D3-brane forming our universe, the sum of the antisymmetric tensor field B µν and the field strength tensor F µν of a U(1) gauge field A µ defines a gauge invariant B µν = B µν + 2πα ′ F µν [1] . Their four-dimensional effective action in the string frame is given by the sum of the bulk action and the Dirac-Born-Infeld (DBI) type brane action, T 3 where T 3 is the tension of the D3-brane. The action (2.1) leads to the following equations of motion for the antisymmetric tensor field, the dilaton, and the graviton, respectivelỹ
3)
where the energy-momentum tensor is 
Since we are interested in the time evolution, specifically the expansion of the universe, a natural scheme may require the reproduction of Einstein gravity at late times. In the classical level, the model of our interest in the string frame (2.1) does not exhibit the stabilization of the dilaton Φ, so one option is to study this topic in the Einstein frame which is obtained by a coordinate transformation from the string frame,
Then, we obtain the action from (2.1)
In the Einstein frame, we read again the equations of motion for the antisymmetric field B µν , the dilaton Φ, and the graviton g µν ,
e −8Φ (BB * ) 2 = 0, (2.10)
where the potential is
and
where the energy-momentum tensor is
14) and its time evolution in flat sapcetime.
Homogeneous B-matter without Dilaton in Flat Spacetime
Since our main goal is to understand the effect of the antisymmetric tensor field in the early universe near the Planck scale, we begin this section with studying it in flat spacetime with stabilized dilaton. Substituting the ansatz of magnetic field (2.17) with the flat metric g µν = η µν and the stabilized dilaton Φ = 0 into the Euler-Lagrange equation of the antisymmetric tensor field, (2.2) in the string frame, or (2.10) in the Einstein frame, we obtain the single dynamical equation of the B field
Integration of the equation (3.1) gives
where E is an integration constant, V eff (B) = √ 1 + B 2 , and the overdot represents the differentiation over the rescaled time variablet = m B t. The equation (3.2) is rewritten by an integral equationt
The only pattern of nontrivial solutions is the oscillating one with the amplitude √ E 2 − 1 for E > 1. This oscillating solution with the fixed amplitude is natural at the classical level in flat spacetime when a homogeneous condensation of the magnetic field is given by an initial condition. In expanding universes, the solution is expected to change to that with the oscillation and damping due to growing of the spatial scale factor, which means the dilution of B-matter in the expanding D3-brane universe.
Homogeneous B-matter with Linear Dilaton in Flat Spacetime
If we turn on the linear dilaton Φ in flat spacetime, the equations of motion for the antisymmetric tensor field B µν and the dilaton Φ become different in the string frame (2.2)-(2.3) and the Einstein frame (2.10)-(2.11). In this section, we again discuss the evolution of the magnetic field with a fixed direction for both frames.
In the string frame, plugging the ansatz for the magnetic field (2.17) and the homogeneous dilaton Φ = Φ(t) (4.1)
into the equations of motion (2.2)-(2.3) gives
where we rescaledΛ ≡ Λ/m 2 B . Plugging the ansatz for the magnetic field (2.17) and homogeneous dilaton (4.1) into the equations of motion (2.10)-(2.11) in the Einstein frame, we haveB
We solve the field equations for B and Φ in both frames with different values ofΛ. In the string frame, forΛ = 0 the initial oscillation in B discussed in the previous section is observed. Later, B settles down to a constant. The dilaton Φ decreases to negative infinity.
ForΛ > 0, theΛ-term in the Φ-equation (4.3) effectively provides a potential term which is linear in Φ. Therefore, the dilaton is pushed to the negative value more rapidly, and the oscillation in B is suppressed. The numerical solutions are plotted in Fig. 1 .
In the Einstein frame, in order to analyze the dilaton behavior, let us assume B = 0. Then, from (4.5), we see that the system is frictionless (noΦ-term) and that the dilaton field Φ has an effective potential
ForΛ ≥ 0, V e is a monotonically increasing function of Φ, which pushes Φ to negative infinity. Once Φ achieves sufficiently large negative values, theΛ-term in the dilaton equation (4.5) in the Einstein frame becomes negligible.
ForΛ < 0, V e possesses a global minimum at Φ s = ln(−4Λ/3), and approaches to zero from below as t → −∞. If the initial Φ(0) ≡ Φ 0 is imposed such that V (Φ 0 ) ≥ 0, the dilaton Φ rolls down to the minimum and is pushed to negative infinity eventually. However, if Φ 0 is taken so that V (Φ 0 ) < 0, Φ will oscillate about Φ s , and the dilaton is stabilized. Even after we turn on the B-field, the story is not altered very much. We observe this with the B-field included, from the numerical solutions plotted in Fig. 2 for Λ ≥ 0, and Fig. 3 forΛ < 0. 
Homogeneous Universe Dominated by B-matter
The main topic of our interest is cosmological implications of the large scale fluxes of the antisymmetric tensor field which might have existed in the early universe of string theory scale. When the early universe is dominated by the massive antisymmetric tensor field in appropriate initial configurations, its cosmological evolution will be traced. We take into account the same homogeneous magnetic ansatz as (2.17), i.e., the dilaton is stabilized Φ = 0 and single component of B ij to be nonzero;
The metric consistent with the matter (5.1) should keep the isotropy on (
and thus is of Bianchi type I,
2)
The energy-momentum tensor T µν of the antisymmetric tensor field (5.1) is written in the form 
Anisotropy in the bulk (m B = 0)
In the absence of the D3-brane, or in the limit of vanishing string coupling g s , we recapitulate possible cosmological solutions. This limit corresponds to the massless limit m B = 0 of the antisymmetric tensor field so that the derivative terms with rescaled time variable t = m B t → 0 dominate in the equations (5.7)-(5.10). In this limit, the B-equation (5.7)
before the rescaling is easily integrated to yield a constant of motion,
With the vanishing potential, B manifests itself by nonvanishing time derivatives. In the dual variable, it corresponds to the homogeneous gradient along x 3 -direction. The spacetime evolution with the dilaton rolling in this case was studied in Ref. [5] . Here, we have assumed that the dilaton is stabilized by some mechanism. Following Ref. [5] we introduce a new time coordinate λ via the relation dλ = L 3 dt/a 2 1 a 3 . Then the equations (5.8)-(5.10) can be written as
14)
where the prime denotes the differentiation with respect to λ. The solution for α 1 is trivial, from (5.14),
where C 1 is constant, and we omitted the integration constant corresponding simply to rescaling of the scale factor. The α 3 -equation (5.15) is also easily integrated to give
The constraint equation (5.13) relates C 1 and C 3 by C 3 = −C 1 /2. Then the relation between λ and L 3 t is explicitly given by
where x = e 4C 1 λ /32C 2 1 and P = (2C 1 − C 3 )/4C 1 . The evolution of scale factors for large which grows as time elapses. Finally, we remark that such anisotropy cannot be overcome by some other type of isotropic energy density in an expanding universe. Assume the isotropic universe (a i = a) driven by, for example, the radiation energy density ρ R . Then, one finds ρ B ∝ 1/a 2 from (5.3) and (5.12) and thus ρ B /ρ R ∝ a 2 , which implies that the late-time isotropic solution can be realized only in a contracting universe [5] .
Isotropy on the D3-brane
Let us now take into consideration the effect of space-filling D-brane. To get sensible solutions, we fine-tune the bulk cosmological constant term to cancel the brane tension, that is Λ = −m 
With the help of (5.21), (5.11) can be written as
which is valid only for the B-dominated case, but more convenient for numerical analysis. Here, we have setκ 4 ≡ 1. First, we examine the evolution of b(t) and scale factors qualitatively. Suppose b starts to roll from an initial value b 0 , while the universe is isotropic in the sense thatα 10 =α 30 . We assume initially a 10 = a 30 = 1 (α 10 = α 30 = 0) andḂ 0 = 0 so that b 0 = B 0 anḋ b 0 = −2α 10 B 0 . While b is much larger than unity, the rapid expansion of α 1 due to the large potential proportional to m 2 B b drives b in feedback to drop very quickly to a small value of order one. Our numerical analysis in Fig. 4 shows that this happens within m B t < 2 up to reasonably large value of b 0 for which the numerical solution is working. The behavior of b(t) after this point is almost universal irrespective of the initial value b 0 if it is much larger than unity.
Once b becomes smaller than unity, the quadratic term of mass dominates over the expansion and b begins to oscillate about b = 0. Then the expansion of the universe provides the slow decrease of the oscillation amplitude. The situation is the same as that of the coherently oscillating scalar field such as the axion, or the moduli in the expanding universe. For small b, the energy-momentum tensor of the oscillating B field is given by
With the expansion of the universe neglected, the equation of motion for b is then approximated byb
Since the oscillation is much faster than the expansion, we can use the time-averaged quantities over one period of oscillation for the evolution of spacetime. The equation (5.28) gives the relation ḃ 2 = b 2 . Thus, the oscillating B-field has the property p 1 , p 2 , p 3 ≈ 0 and behaves like homogeneous and isotropic matter. This justifies the name of B-matter. Therefore, after b begins to oscillate, the isotropy of the universe is recovered. To quantify how the universe recovers isotropy, let us define the parameter
When H 1 ≈ H 3 , the evolution of the quantity s(t) is determined bẏ
where H ≡ i H i /3. At late time, the equation (5.29) is approximated asṡ ≈ −(3/2)Hs and thus one finds s ∝ 1/t. Since H is also proportional to 1/t, the initial and final anisotropy s i,f follow the relation
where H i,f denotes the initial and final Hubble parameter, respectively. To get an idea of how fast the anisotropy disappears, let us consider H f ∼ 10 −15 GeV which corresponds to the Hubble parameter at the electroweak symmetry breaking scale of temperature, T ∼ 100 GeV. Taking the initial condition s i ∼ 1 around the beginning of the B oscillation H i ∼ m B , we find that the final anisotropy can be completely neglected for reasonable value of m B .
For m B t ≫ 1 with H 1 ≃ H 2 ≃ H 3 and b ≪ 1, the asymptotic solution of (5.21)-(5.11) can be explicitly found to yield
which shows the usual matter-like evolution. That is, the total energy density of the B-matter diminishes like ρ ∝ 1/a 3 even though the amplitude B(t) itself grows like
Our qualitative results can be confirmed by solving the equations (5.22), (5.23), and (5.24) numerically. Fig. 4 shows the numerical solutions for the initial value b 0 = 100. For the large value of b 0 , a 1 grows very fast while a 3 is frozen until b becomes smaller than unity. Then b begins to oscillate and the universe becomes isotropic again in that the expansion rates,α 1 andα 3 , converge and finally the universe becomes B-matter dominated.
Conclusion
We considered antisymmetric tensor field on D3-brane. In flat spacetime with stabilized dilaton, the condensed homogeneous magnetic field oscillated without damping. When the linear dilaton is turned on, we analyzed difference between the string frame and the Einstein frame. Particularly, the effect of the cosmological constant from (1+9)-dimensions was drastic, i.e., the dilaton is stabilized for some initial values and negative cosmological constant.
In the early universe with gravitation, the existence of the D3-brane was significant. In the bulk without the D-brane, the anisotropy induced by the massless antisymmetric tensor field cannot be washed out through the cosmological evolution, but it remains as an observable fossil, which looks against the observed fact in the present universe. Once the mass and self-interaction terms are included due to the presence of D3-brane in our universe, even huge condensation of the homogeneous magnetic component is diluted as the universe expands. When the cosmological expansion is sufficiently large, the universe becomes isotropic and B-matter dominated.
It is intriguing to study cosmological evolution when all the closed string degrees in the bulk are included. Such string cosmology of graviton, dilaton, and antisymmetric tensor field needs further study. : from the top down, the evolution of b(t), the scale factors a 1 (t) (solid line) and a 3 (t) (dotted line), and the expansion rates H 1 (t) (solid line) and H 3 (t) (dotted line).
